Introduction
The Northern Yellowstone Range (hereafter referred to as the Northern Range 1 ) is home to one of the largest and most diverse assemblages of ungulates (i.e., hooved mammals) in the western hemisphere.
2 p271 Eight species of wild ungulates inhabit the Northern Range, including bison (Bison bison), Rocky Mountain elk (Cervus elaphus nelsoni), Rocky Mountain mule deer (Odocoileus hemionus hemionus), white-tailed deer (Odocoileus virginianus canadensis), moose (Alces alces), pronghorns (Antilocapra americana), Rocky Mountain bighorn sheep (Ovis canadensis canadensis), and mountain goats (Oreamnos americanus). Domestic ungulates, including cattle (Bos taurus), sheep (Ovis aries), and horses (Equus caballus), cohabit portions of the Northern Range outside Yellowstone National Park (YNP). Ungulate predators, including grizzly bears (Ursus arctos horribilis), black bears (Ursus americanus), coyotes (Canis latrans), mountain lions (Puma concolor), and wolves (Canis lupus) also cohabit the Northern Range.
Wild ungulate populations on the Northern Range have been influenced by weather, forage availability, wild predators, and humans since the last Ice Age, approximately 11,000 years ago. Because 60% of the Northern Range is located inside YNP, National Park Service (NPS) management practices are also important influences on these wild ungulate populations. One NPS management goal is to preserve the primeval abundance of native plants and animals so that natural ecological processes can function sustainably.
3 p42- 44 In 2002, the National Research Council (NRC) published a review of the ecological health of the Northern Range inside YNP. The report concluded that degraded rangelands existed in YNP because of excessive grazing and browsing by wild ungulates, but the NRC report expressed optimism that predation by wolves (reintroduced into the Northern Range in 1995 to 1996) would eventually be sufficient to regulate ungulate populations inside YNP, thereby enabling degraded rangelands to recover. 4 p8&126-127 In this paper, we compare and contrast the current and primeval abundances of wild ungulates on the Northern Range. We examine whether increased predation by greater numbers of grizzlies, mountain lions, and wolves has reduced wild ungulate populations during the 16 intervening years December 2018 since the NRC report was published. We also discuss the effects of brucellosis, a zoonotic disease (i.e., a disease that can be transmitted from animals to people) that greatly impacts the land, wildlife, and people of the Northern Range.
Bison
The Northern Range bison herd is one of 10 bison herds within US national parks and, along with the Central Range herd, one of two semidistinct bison herds inside YNP. Interchange between Northern Range bison and Central Range bison in YNP has increased substantially during the past 10 to 15 years. 5 The primeval size of the Northern Range bison herd is difficult to determine definitively, but Mary Meagher, former YNP Supervisory Research Biologist and eminent authority on YNP bison, used historical records to estimate that the primeval population averaged 200 to 300 bison during winter and 300 to 400 during summer.
6 p22 A similar population size was reported in 1880 by YNP Superintendent Philetus Norris. Superintendent Norris recorded that a herd of about 200 bison summered and wintered on the Northern Range, and another herd of about 100 bison summered south of the Northern Range and occasionally wintered on the Northern Range along the Lamar River.
p38
Historically, most Northern Range bison migrated seasonally within YNP, summering at higher elevations and wintering in lower elevation valleys. Today, however, many Northern Range bison utilize their winter range in summer too and significantly reduce the standing forage on the winter range before winter begins. 8 Northern Range bison prefer to eat sedge-and grassdominated diets throughout the year in meadows and swales and along streambanks and pond edges.
6p94-95,9p174,10 p347 Bison often forage in sagebrush-bunchgrass plant communities during spring when grasses such as bluegrass (Poa spp.) and Idaho fescue (Festuca idahoensis) are lush and palatable.
6 p97 Bison and elk eat similar foods in many of the same places. 11 Although bison tend to eat less shrub foliage and twigs than elk, bison commonly browse shrubs when per capita availability of sedges and grasses is low. For example, in recent years we have observed heavy browsing of sagebrush (Artemisia spp.) and shrubby cinquefoil (Dasiphora fruticosa) by Northern Range bison, and several research studies have documented bison browsing of aspen (Populus tremuloides), willows (Salix spp.), and cottonwoods (Populus spp.) on the Northern Range. [12] [13] [14] [15] [16] These studies indicate that browsing by bison rather than elk currently limits cottonwoods, willows, and aspens on much of the Northern Range inside YNP.
Wolves and grizzly bears rarely kill bison on the Northern Range, and Northern Range bison defend themselves aggressively when attacked by wolves or grizzlies. [17] [18] [19] Bison also can be aggressive to other ungulates. For example, bison sometimes injure or kill elk calves and domestic horses. The similarity of these estimates suggests the very real possibility that few bison in primeval times migrated every winter beyond the lower elevation areas around Mammoth or Gardiner Basin (i.e., the area surrounding the town of Gardiner, Montana). Bison movements beyond the YNP boundary have become more frequent and more difficult to control as the population has increased (Fig. 3) . One reason for concern about modernday bison exiting the park is a desire to prevent YNP bison from transmitting Brucella abortus beyond park boundaries. B. abortus is a bacterium that causes brucellosis in bison, elk, cattle, horses, and people.
Interagency Bison Management Plan
When the NPS stopped controlling bison numbers within YNP in 1968, the NPS adopted a policy of boundary control to prevent bison from leaving YNP. Initially, boundary control included shooting bison that approached the YNP boundary. NPS policy transitioned to hazing bison that approached the YNP boundary and the NPS relied on the State of Montana to 22 The IBMP has been controversial and difficult to implement, but it has been very effective at controlling B. abortus transmission from bison to cattle. No cases have been detected of YNP bison transmitting B. abortus to domestic cattle on the Northern Range, demonstrating that this active management has been working successfully.
Brucellosis
Brucellosis on the Northern Range is first and foremost a human health issue. It affects hunters, veterinarians, horse owners, cattle ranchers, meat processors, and others. Brucellosis is an infectious disease of many mammals. 25, 26 It is rare in humans in North America, but worldwide brucellosis is one of the most common zoonotic diseases. Brucellosis in humans is caused by Brucella bacteria that can be carried by many animals on the Northern Range, including wild and domestic ungulates (e.g., bison, elk, deer, moose, cattle, and horses), wild and domestic canids (e.g., wolves, coyotes, and dogs), and bears. Brucella bacteria infect the reproductive system, resulting in late-gestation spontaneous abortions, premature births, retained placentas, and infertility in both males and females. Retained placentas often lead to infection and death. Brucellosis reduces milk production and causes lameness (arthritis in humans). Human symptoms of brucellosis can include delirium, and symptoms are easily confused with influenza. Brucellosis is sometimes fatal to humans. The acute phase of brucellosis may progress to a nonspecific condition resembling chronic fatigue syndrome. To prevent inoculation through cuts and skin abrasions, or inoculation by inhaling airborne bacteria, humans should wear protective gloves and masks when field dressing game, butchering game or beef, checking for pregnancy in livestock, artificially inseminating livestock, assisting with livestock births, or handling aborted fetuses. There is no vaccine to protect humans from brucellosis.
The US Department of Agriculture-Animal and Plant Health Inspection Service (USDA-APHIS) has been working since 1934 to eradicate B. abortus from the United States, and the entire state of Montana was declared brucellosis-free in 1985. Wild elk and wild bison are currently the only reservoirs of Brucella abortus on the Northern Range, and until recently these were the only known remaining reservoirs of B. abortus in the United States. However, in 2011 feral swine transmitted B. abortus to beef cattle in southeastern Texas. 27 Feral swine in at least 14 US states also carry B. suis, another species of Brucella that causes brucellosis in humans. 27 Northern Range wildlife and livestock become infected with B. abortus by inhaling or ingesting contaminated birth fluids, birth tissues, forage plants, soil, and drinking water. 28, 29 Animals often smell, lick, or eat the aborted fetuses and afterbirth of other animals, and fluids and tissues from a brucellosis abortion contain billions of Brucella organisms. 30 Brucella can be sexually transmitted as well, and females can transmit Brucella through their milk to nursing offspring. The risk of Brucella transmission is greatest on the Northern Range when fetal tissues and fluids are present from bison and elk, primarily from February to midJune. 30 Most bison finish calving by mid-May and most elk by mid-June. However, elk may abort their calves as late as mid- July, 31 and the risk of transmission extends beyond bison and elk calving seasons because Brucella can survive for long periods in the environment: 53 days in manure; 66 days in cool, wet soil; and 114 days in freshwater. 25 In 39 
Brucellosis in Northern Range Elk
In 2014, 18% to 30% of Northern Range elk were seropositive for B. abortus antibodies, 40 and Northern Range elk were the probable source of B. abortus that was transmitted to five separate Northern Range cattle herds in the past 12 years (one case each in 2007, 2008, 2011, 2013, and 2014) . 36 p49 In addition, transmissions have apparently occurred on the Northern Range from elk to elk and from elk to bison, although interspecific transmissions among Northern Range elk and bison have been primarily from bison to elk. 39 Thus, the elk and bison herds on the Northern Range appear to be separate, independent reservoirs of B. abortus. 40, 41 They also appear to be self-sustaining brucellosis reservoirs because the genetic lineage of B. abortus on the Northern Range is distinct from the genetic lineages of B. abortus found elsewhere in the Greater Yellowstone Area (i.e., the general area including and surrounding Yellowstone and Grand Teton National Parks in Montana, Wyoming, and Idaho), including the genetic lineages present in Wyoming elk herds to the south and southeast of YNP. 39 This implies that brucellosis-infected elk living near elk feed grounds in Wyoming have rarely (if ever) transmitted B. abortus to elk or bison on the Northern Range, and B. abortus on the Northern Range apparently did originate locally, introduced to YNP more than 100 years ago by either infected cattle or infected domestic bison.
At present, Northern Range elk are the source of B. abortus transmissions to adjacent elk herds in Montana. For example, immediately north of the Northern Range, 30% to 71% of the elk are seropositive for Brucella antibodies, 40 and B. abortus is diffusing from the Northern Range elk herd at an alarming rate of two miles per year. 39 B. abortus is diffusing even faster from elk elsewhere in the Greater Yellowstone Area, with the fastest lineage diffusing outward at 5 miles per year. 39 Current projections anticipate that brucellosis-infected elk will extend into Utah and Colorado within the next 20 years and the designated surveillance area (DSA) will encompass an area the size of California (Fig. 4) . 42 
Brucellosis Management on the Northern Range
For the first 80 years of its nationwide program to eradicate brucellosis, USDA-APHIS immediately destroyed all cattle in any infected herd. Currently, USDA-APHIS destroys individual cattle that test positive for brucellosis. USDA-APHIS worked with the states of Montana, Wyoming, and Idaho in 2009-2010 to create a DSA in each state. One purpose of these three DSAs (hereafter referred to collectively as the DSA) is to prevent transmission of B. abortus to areas outside the Greater Yellowstone Area. All of the Northern Range outside YNP is within the DSA, but the DSA extends well beyond the Northern Range and covers 7,100 square miles in Montana alone (Fig. 4) . Ranch businesses that operate in the DSA are burdened by extensive regulations that require blood tests and vaccinations for their cattle. Some of the regulations extend to cattle ranches located beyond the DSA boundary. Compliance with DSA regulations and other brucellosis-mitigation practices inflict serious financial harm to ranchers. 43, 44 Strain RB51 is currently the only brucellosis vaccine approved for use in US cattle, but it does not provide complete protection against B. abortus infection. 45 p89 In addition, RB51 vaccinations have a negative side effect that sometimes prevents heifers (i.e., juvenile female cattle) from becoming pregnant. RB51 also carries a small risk of causing spontaneous abortion in pregnant cows that receive an adult booster vaccination. 46 Some Northern Range ranches have switched from raising cows and calves to raising steers or spayed heifers in order to reduce the regulatory burden. Brucellosis testing and vaccination requirements apply only to reproductively intact animals. Raising spayed heifers also reduces potential human contact with B. abortus because spayed heifers do not need assistance at calving. Most ranchers that raise cattle in the DSA adjust the timing and locations of cattle feeding and grazing to avoid elk. In some areas within the Montana portion of the DSA, MT-FWP contracts with individuals to haze elk away from cattle and prevent commingling. MT-FWP also works with ranchers and hunters to facilitate access to private lands so that hunters can disperse large congregations of elk from private ranchland. Enclosing haystacks with elk-proof fencing is commonplace. MT-FWP often contributes the fencing materials, and ranchers are responsible for installation and routine maintenance. Some ranchers also erect elk-proof fencing to exclude elk from cattle pastures. In recent years more than 30 miles of elk-proof fencing have been constructed on private ranches in the Montana portion of the DSA. When these actions prove insufficient to prevent cattle and elk from commingling inside the DSA, MT-FWP can issue kill permits to ranchers or their authorized agents to shoot elk.
As stated above, B. abortus is a nonindigenous organism on the Northern Range, and NPS policy requires, whenever feasible, that non-native species be controlled or eradicated when they harm native species, such as bison and elk. 3 p48 Current policy also directs the NPS to "identify public health issues and disease transmission potential in the parks and to conduct park operations in ways that reduce or eliminate these hazards." 3 p106 Eradication of brucellosis from elk and bison on the Northern Range would be extremely difficult, but the NPS and other agencies have successfully eradicated brucellosis from other parks in the past. For example, from 1964 to 1984 the NPS used vaccination, testing, and removal of seropositive bison to eliminate brucellosis from the bison herd in Wind Cave National Park in western South Dakota, without serious reductions in herd numbers at any one time. 47 Parks Canada also used testing and vaccination to eliminate brucellosis from bison in Elk Island National Park in central Alberta. 48 Short of eradication, proactive steps can be taken by the NPS and others to reduce transmissions of B. abortus among wildlife, livestock, and people on the Northern Range. Active management that reduces densities of bison and elk is one tool that will reduce the risk of transmissions. 5, 49 Selective sterilization or selective culling of young, reproductively active, seropositive females are two other effective options. 50 Increased funding and research also can be pursued to develop improved Brucella vaccines for elk and bison. 51 This step will first require revising federal policy to allow laboratories to investigate new vaccines. Current federal restrictions prohibit this research because Brucella is listed as a potential biological weapon by the US Centers for Disease Control and Prevention. 52 
Rocky Mountain Elk
The Northern Range elk herd (a.k.a., Northern Yellowstone elk herd) is one of several elk herds that inhabit YNP. 53 Estimates of the population size of Northern Range elk made before 1920 are unreliable because these estimates sometimes included elk from other YNP herds, sometimes confused summer versus winter populations, and sometimes were inflated because of poor census procedures. 9 p12-13 In 1998, a thorough analysis of multiple sources of evidence determined that the total Northern Range wintering elk population was 5,000 to 6,000 animals when YNP was established in 1872. 54 Many Northern Range elk are migratory, moving between lower elevation winter range and higher elevation summer range in search of nutritious forage. Elk primarily forage within mesic grassland, sedge-grass meadows, and sagebrush grassland.
p92
Elk do not spend much time foraging in forests of the Northern Range. 55 Wolves, black bears, grizzlies, and mountain lions predate adult elk and elk calves. [56] [57] [58] [59] [60] [61] In response to predation risk, Northern Range elk move out of preferred grassland foraging habitat into forests, 62, 63 increase vigilance and decrease time spent foraging, [64] [65] [66] and eat less nutritious diets. 62 Collectively these impacts may cause elk calf recruitment to decline. 67 Even where predation risk is low, elk calf recruitment may be limited when Northern Range elk consume forage of low nutritive quality. 68, 69 Unregulated hunting by Euro-Americans in the 1860s and 1870s had left few elk inhabiting the Northern Range during the first 10 years of YNP's existence. 70 Hunting by EuroAmericans was prohibited inside YNP in 1883 and elk numbers began to increase. 71 By the late 1920s and early 1930s, Northern Range elk numbers increased to the point that heavy grazing and browsing by elk inside YNP was causing soil erosion and killing desirable grasses, shrubs, and trees, including bluebunch wheatgrass (Pseudoroegneria spicata), sagebrush, aspen (Populus tremuloides), and willow (Salix spp.). [72] [73] [74] NPS biologists recognized the deteriorated condition of the Northern Range and, in 1928, launched an extensive study of the problem. 73 Results of the study led the NPS, with cooperation from the Montana Game Commission, to begin a 35-year effort to limit elk numbers. The elk management program used a combination of methods, including regulated hunting outside YNP, live capture and transplant away from YNP (implemented as early as 1920 75p97 ), live capture and slaughter with meat provided to Native Americans, and, when necessary, shooting elk inside YNP by NPS personnel or authorized agents. From 1934 to 1968, removal by hunters outside YNP averaged 1,252 elk per year, and removal by NPS staff and agents inside YNP averaged 743 elk per year.
10 Appendix III-1 Live-captured Northern Range elk were the source for most elk transplant efforts throughout North America. More than 13,500 live elk were shipped from the Northern Range inside YNP to Canada, Mexico, and 38 US states. 76 Elk removals by NPS personnel ended in 1968, but regulated elk hunting on the Northern Range outside YNP has continued on and off to present day.
The Northern Range elk herd numbered about 10,000 to 11,000 elk during the 1920s and 1930s when ecosystem damage was first recorded by NPS biologists. 77 Efforts to limit elk numbers via live capture, shooting, and hunting reduced the population to about 8,500 elk in the 1940s and kept the population near its primeval size of 5,000 to 6,000 elk during the 1950s and 1960s.
10 Appendix III-1 The population rapidly increased soon after the NPS discontinued elk removals inside YNP. Herd size was 11,000 to 12,000 elk by the mid-1970s, and peaked at 19,000 elk in 1988 and 1994 (Fig. 2) , 78 ,79 a population 3.2 to 3.9 times larger than its natural, primeval size. For comparison, elk numbers in the 1920s and 1930s were 1.7 to 2.2 times the population's natural size when NPS biologists first documented damage to Northern Range soils and vegetation owing to heavy elk grazing and browsing inside YNP. 77, 78 As the size of the Northern Range elk population increased, the size of its winter range expanded, too. From the 1970s to the late 1980s, the size of the elk winter range increased from 270,000 acres to 380,000 acres, and all of the expanded acreage was located outside YNP. 79 The new northern boundary of the winter range became Sixmile Creek, located 25 miles north of YNP. The winter range extends even farther north during winters with large amounts of snow. For example, in the winter of 1996 to 1997, 500 to 1,000 Northern Range elk moved more than 6 miles north of Sixmile Creek, 80 and in the winter of 2016 to 2017, 807 Northern Range elk were counted just north of Sixmile Creek. 81 From its peak of 19,000 elk in 1988 and 1994, the Northern Range elk herd decreased to 3,000 or 4,000 elk in 2012 to 2014, then rebounded during the past 4 years to reach 7,579 elk in 2018 (Fig. 2) . 82 Overall from 1994 to 2018, the size of the Northern Range elk herd decreased 60%. The decrease in Northern Range elk numbers coincided with the following: 1) increased predation by wolves that were reintroduced to YNP in 1995 to 1996 83 ; 2) increased predation by the expanding grizzly bear population 60 ; and 3) increased competition with the expanding bison population. 15 In addition to temporal changes in Northern Range elk numbers, changes also have occurred in elk distribution since the late 1980s. For example, Northern Range elk are now found in smaller groups inside YNP and in larger groups outside YNP. 84 From the 1920s through winter 1987 to 1988, most Northern Range elk (60%) typically wintered inside YNP. This began to change in winter 1988 to 1989 when a large number of elk wintered north of the park, many of them far north of the park beyond Dome Mountain. 79 The change in elk distribution coincided closely with the cooccurrence of the following three events: 1) the Northern Range elk herd had expanded to 3 times its primeval size; 2) habitat conditions were altered inside YNP by expansive wildfires in summer 1988; and 3) MT-FWP purchased a private cattle ranch in 1986 and created the Dome Mountain Wildlife Management Area (DMWMA) to provide additional winter habitat for the Northern Range elk herd. The DMWMA is located north of Dome Mountain near the northern edge of the Northern Range, about 25 miles north of YNP. Elk use of the DMWMA increased soon after its creation, and elk use has remained heavy to present day. 85, 86 These three concurrent events and their effects-all-time high elk numbers that increased intraspecific forage competition inside YNP; expansive wildfires that increased intraspecific forage competition inside YNP; and greater access to winter habitat at the DMWMA that decreased intraspecific forage competition outside YNP-all interacted to influence elk distribution. Elk apparently responded to differences in relative per capita forage availability inside and outside YNP, with many elk electing to forage outside YNP, presumably because per capita forage availability was greater. By winter 2005 to 2006, more of the Northern Range elk herd wintered outside YNP than inside the park. The trend continued, and the proportion of the herd wintering north of YNP remained above 50% every year from 2006 to 2012 and remained above 75% every year from 2013 to 2018. In 2017, 89% of Northern Range elk wintered outside YNP, the largest proportion ever recorded.
10Appendix III-1, 81 It is unlikely that winter weather significantly affected the number of elk moving out of YNP since 1988, given that the proportion of the Northern Range elk herd wintering north of YNP was not correlated with winter weather severity during a 22-year study period from 1970 to 1991. 87 Elk have largely abandoned about two-thirds of their traditional winter-early spring range inside YNP (from Tower
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Junction to the upper Lamar River Valley), 84 at least in part to avoid exposure to high densities of wolves during winter and high densities of grizzlies during elk calving season in spring. 59, 60, 88, 89 It is noteworthy, however, that Northern Range elk began expanding their winter range and increased their use north of YNP in winter 1988 to 1989, 79, 90 several years before elk were impacted by expanded populations of large carnivores. Populations of wolves, grizzlies, and mountain lions that have expanded since the mid-1990s to the present appear to have helped perpetuate and exacerbate changes in elk winter range use north of YNP that began in 1988 to 1989, but increased populations of large carnivores do not appear to have caused these changes.
Northern Range elk have continued to favor winter habitat outside YNP rather than inside, even though elk herd size has declined 60% during the past 25 years. At least three influences appear responsible. First, as noted above, elk distribution may reflect predator avoidance. Predator densities are lower on the portions of the Northern Range located outside YNP. Second, the smaller number of elk on the Northern Range did not make more forage available to elk inside YNP because the dramatic increase in bison numbers inside the park compensated for the decreased elk numbers. Third, elk distribution may reflect social avoidance of bison. Social dominance hierarchies (i.e., pecking orders) exist among wild ungulate species, and bison are socially dominant over elk. 91 Subordinate species move to other habitat to avoid higher-ranked species, especially when nutritious forage is less plentiful, 91 and recent evidence indicates that forage production and palatability have declined markedly on the Northern Range inside YNP in the past few decades. 77 Many Northern Range elk inhabit privately owned ranchland outside YNP during winter, and increasing numbers of elk are migrating from YNP earlier in the fall and staying longer into spring than in the 1980s and 1990s. 92 On foothill and mountain rangeland in the Greater Yellowstone Area, elk prefer to graze in late fall, winter, and early spring where cattle have grazed moderately or lightly during the previous summer-early fall because moderate to light cattle grazing improves the accessibility and nutritive quality of the elk forage. 93, 94 Reduced cattle grazing intensity on some private and public rangelands of the Northern Range outside YNP has decreased elk forage nutritive quality and palatability, thereby contributing to elk preferring to graze on adjoining private ranchlands where cattle grazing intensity is moderate to light. The distribution of Northern Range elk outside YNP during fall and early winter is further complicated by private ranchlands where hunting is prohibited. These ranchlands become refuges for elk during the hunting season, and elk then return to traditional ranchlands when hunting season ends. 92 Migrating Northern Range elk rely heavily on pastures and hayfields of working ranches for habitat in late fall, winter, and early spring. 95 Elk commonly remain in and graze hayfields until early July, decreasing the production of hay that ranchers rely upon to feed their livestock during winter. Moreover, increasing numbers of elk reside year-round on private ranchlands of the Northern Range. 92 Elk compete with livestock for standing forage, damage fences, depredate haystacks, and attract wolves, which greatly increases the chances that wolves will prey upon cattle. 96 Increased elk densities on private ranchlands also increase brucellosis seroprevalence in elk and increase the likelihood that elk will transmit B. abortus to cattle. 49, 97 Brucellosis in Northern Range elk also presents a risk to another 5,000 elk that spend winters on private and public lands on the east and west sides of the Paradise Valley north of YNP.
98,99

Pronghorns
The Northern Range population of pronghorns is partially migratory. Some pronghorns remain yearlong on low elevation rangeland in the Gardiner Basin or low elevation rangeland on private ranches further north of YNP, whereas others winter in the same areas but migrate to higher elevations inside YNP during summer, such as the Blacktail Plateau and Lamar Valley. Northern Range pronghorns during summer prefer to eat forbs and prefer foraging in xeric grasslands, but Wyoming big sagebrush (Artemisia tridentata ssp. wyomingensis) is their preferred food during winter. 10 p133 Unfortunately the abundance of Wyoming big sagebrush has declined, and pronghorns have shifted to eating diets dominated by less desired plants such as rabbitbrush (Chrysothamnus spp.) and greasewood (Sarcobatus vermiculatus). 100 However, pronghorn reproduction is currently limited by poor forage quality in summer rather than winter, and Northern Range pronghorns of all ages are preyed upon heavily by coyotes. 101, 102 Wolf predation of coyotes likely benefits pronghorns. 83 Pronghorn numbers on the Northern Range averaged 150 to 500 animals from when actual counts began in 1911 to present day. 10p404-405,61,103 When the population increased beyond 500 to about 700 pronghorns during the 1930s, pronghorns heavily browsed Wyoming big sagebrush in the Gardiner Basin, and more of the pronghorn population wintered outside YNP where nutritious forage was more abundant. 73 Twenty-five years after removal actions ended in 1967, pronghorn numbers again rose above 500 to about 600 pronghorns in 1992. This peak was followed by a crash to 235 pronghorns when, reminiscent of the 1930s, sagebrush on the pronghorn winter range was once again heavily browsed by pronghorns, elk, and mule deer. 103 The pronghorn population gradually increased during the past 20 years as elk numbers decreased. Northern Range pronghorns currently number about 500, with about 100 of these pronghorns residing north of YNP. 61, 104 Increased pronghorn numbers north of YNP are due, at least in part, to recent voluntary, collaborative efforts among ranchers, other private landowners, public land managers, and the National Parks Conservation Association to modify or remove fences that previously restricted pronghorn movements. Northern Range pronghorn numbers have not been regulated by hunting outside YNP since the 1970s. However, agricultural crop depredations led MT-FWP to allow public hunters to harvest about seven pronghorns per year during a 27-year period (1985 to 2012). 61 
Mule Deer and White-Tailed Deer
Northern Range mule deer prefer to forage on level to gently sloping rangeland within Wyoming big sagebrush plant communities.
10p112&116, 105 Mule deer eat diverse diets yearround that include grasses, forbs, and browse, with grasses consumed more in spring and Wyoming big sagebrush consumed more during winter.
The mule deer population on the Northern Range averaged roughly 500 to 1,100 deer from the 1930s to the 1970s, excluding the severe winter of 1967 to 1968 when the population dropped below 300. 10 The current Northern Range population is about 1,700 to 1,900 mule deer. 106 However, the proportion of the mule deer herd wintering inside YNP has steadily declined from 88% in 1930, to 69% in 1940, to 35% in 1948, to only 3% to 5% today.
10p398-399, 61 The dramatic decline in Northern Range mule deer wintering within YNP has coincided with the similarly dramatic decline in sagebrush cover within YNP caused by heavy browsing by elk and bison. 77 A small population of white-tailed deer existed within the YNP portion of the Northern Range during the late 1800s and early 1900s. These deer relied upon deciduous trees and shrubs in riparian (i.e., streamside) areas. 107 From 1909 to 1912, white-tailed deer were fed hay during the winter at feeding grounds at Mammoth Hot Springs and near Gardiner, Montana.
108 p66 The population declined dramatically during the 1920s and was essentially extinct by 1930. The disappearance of Northern Range white-tailed deer within YNP coincided with the disappearance of riparian willow and cottonwood plant communities inside YNP because of heavy elk browsing. 74, 78 On the Northern Range outside YNP today, white-tailed deer are commonly observed in riparian willowcottonwood thickets and in irrigated hayfields.
Moose
Moose did not inhabit the Northern Range until about 1900.
10 p200 In the mid-1930s and early 1940s, Northern Range moose numbered about 200, largely residing within the Hellroaring Creek and Slough Creek drainages. 109 However, biologists' reports by the US Forest Service and Montana Fish and Game Department (currently MT-FWP) expressed concerns that willows in this area were browsed too heavily by moose. By the 1960s, the moose population had declined because of the near elimination of willows by heavy moose browsing in these drainages. 109, 110 Moose numbers continued to decline in the 1970s and 1980s as heavy browsing by moose and elk continued to suppress willows. 111 Moose numbers declined further after wildfires in 1988 that burned mature spruce-fir forests important for moose survival during winter. 109 Since then, the Northern Range moose population has not recovered owing to a suite of factors that include: 1) heavy browsing by elk and more recently by bison that has continued to suppress willows and aspen, 12, 13, 15, 16, 78 and 2) moose predation by increased populations of wolves and grizzlies. 17, 58 Bighorn Sheep Bighorns on the Northern Range eat grass-dominated diets and prefer to forage in xeric grassland on moderate to steep terrain.
10p165,112 Most bighorns are migratory, summering at higher elevations and spending winters at lower elevations along the Lamar, Gardner, and Yellowstone Rivers. 113 Bighorns were abundant on the Northern Range inside YNP in the late 1800s. 7 However, the situation changed significantly by the 1920s and 1930s when concerns were first expressed about elk impacts on bighorn sheep. 34p79,114 p115 By 1960, bighorn sheep habitat on the Northern Range was in "seriously depleted condition primarily because of overgrazing by elk." 115 From the mid-1920s to today, the bighorn sheep population has fluctuated from 100 to nearly 500 animals.
9p161&164,10p414,113,116 Aerial counts recorded 471 and 487 bighorn sheep in 1978 and 1981, respectively, 113 but at least 60% of the population died during the winter of 1982 to 1983 because of a disease outbreak of pinkeye caused by the protozoa Chlamydia, a natural occurrence not attributable to livestock. 117 Northern Range bighorn numbers did not rebound during the next 15 years after the outbreak, even though there was no longer any sign of Chlamydia in the bighorns. 118 The Northern Range bighorn population did not recover to N 300 animals until 2008, and this recovery occurred only after competition with elk was lessened by a 53% decrease in elk numbers from 2000 to 2007 (Fig. 2) . The Northern Range bighorn population has averaged about 370 animals during the past decade. 116 The current population remains dramatically below its primeval size owing to long-term habitat degradation and continued competition with elk. A relatively new competitor, mountain goats, may also be impacting bighorn sheep on the Northern Range. 119 
Mountain Goats
Mountain goats were present in western Montana at the time of European settlement, but mountain goats are not native to the Northern Range. 120 In 1956 to1958, the Montana Fish and Game Department (currently MT-FWP) transplanted 23 mountain goats onto the Northern Range outside YNP. Mountain goats were first observed on the Northern Range inside YNP in 1965. Since 1990, the non-native mountain goats have successfully colonized the Northern Range, inside and outside YNP. 121 More than 200 mountain goats currently inhabit the Northern Range, and the population size and occupied range is expanding. 61, 119, 122 Habitat use and diets of mountain goats overlap appreciably with Rocky Mountain bighorn sheep. 61, 119 Thus, mountain goats potentially compete with bighorns for shelter, water, and forage. As non-native species, mountain goats have management implications on the Northern Range. Non-native species inside YNP are to be controlled or eradicated, where feasible, when nonnative species threaten to alter natural ecosystems or compete with native populations.
3 p48 For example, in the 1980s when non-native mountain goats degraded soils and plant communities in Olympic National Park in western Washington, the NPS captured and relocated 407 mountain goats. 123 On the Northern Range outside YNP, on the Custer Gallatin National Forest, bighorn sheep are classified as a sensitive species, giving them priority for conservation over the non-native mountain goat. 124 
Summary and Conclusions
The diverse assemblage of wild ungulates on the Northern Range was dominated by very large numbers of elk during the past 100 years or more. Elk and bison codominate today, with dramatically fewer elk and dramatically more bison. From 1994 to 2014, the Northern Range elk herd decreased from 19,000 to about 3,000 elk, then rebounded during the past 4 years to reach 7,579 elk in 2018. 82 Overall from 1994 to 2018, the size of the Northern Range elk herd decreased 60%. During the same period (1994-2018), the Northern Range bison herd increased from 636 bison to 3,969 bison, a 524% increase. 22 Elk numbers declined relative to bison, primarily owing to increased numbers of wolves, grizzlies, and mountain lions that preyed heavily upon elk but not bison.
Current NPS policy requires the NPS to sustain natural abundances of native animals, 3 p36&42-44 and both elk and bison are native to the Northern Range. 61 Although Northern Range elk numbers decreased 60% from 1994 to 2018, the elk herd size in the year 2018 remains about 30% larger than the primeval population. A much greater disparity exists for Northern Range bison, with the 2018 herd size about 10 times larger than the primeval population. It is unlikely that bison and elk populations will be reduced by increased predation in the future because the populations of wolves, grizzlies, and mountain lions inside YNP are unlikely to increase. They are controlled currently by intraspecific competition for territory. 61, 88, 89 Current NPS policy directs the NPS to intervene with active management when unnaturally high numbers of native animals and their negative impacts on the ecosystem are caused by humans.
3 p36-37&44 The unnaturally high numbers of bison and elk on the Northern Range today resulted from modern-day management decisions-management decisions based on a misguided paradigm that did not acknowledge how native animal populations and ecological processes on the Northern Range were materially influenced by Native American hunting and burning during the 11,000 years before YNP was created. 125 Management decisions based on this paradigm impaired the Northern Range ecosystem and continue to do so today. 77, 78 In accordance with the NPS policies listed above, we suggest that NPS personnel work collaboratively with federal, tribal, state, and private partners to develop an adaptive management strategy to purposely restore Northern Range bison and elk populations to their primeval sizes. Previous research indicates that this action also will reduce the likelihood of B. abortus transmissions from bison and elk to cattle, horses, and people. 5, 49, 97 Fortunately, much of the initial groundwork for the collaborative development of an adaptive management strategy already exists. For example, bison and elk populations on the Northern Range are currently actively managed via hunting outside YNP that is regulated by MT-FWP and tribal partners. In addition, Northern Range bison numbers are actively and collaboratively controlled currently within the constructs of the IBMP, using limited lethal culling and live capture and removal that sends bison to meat processing and distributes the meat to Native Americans. All current efforts to regulate Northern Range bison and elk numbers likely need to be expanded significantly and may need to be implemented with greater resolve. Perhaps new, creative methods also can be developed and applied within a comprehensive adaptive management framework to restore the primeval population sizes of bison and elk to the Northern Range.
